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Abstract. A quantitative energy-dispersive electron probe
X-ray microanalysis (ED-EPMA), called low-Z particle
EPMA, was used to analyse individual aerosol particles col-
lected in Incheon, Korea on 13–18 October 2008 (a typical
haze episode occurred from 15 to 18 October). Overall 3600
individual particles in PM2.5−10 and PM1.0−2.5 fractions
from 12 aerosol samples collected on haze and non-haze
days were analysed. The analysed particles were classiﬁed,
based on their X-ray spectral data together with their sec-
ondary electron images. The major particle types included
organic carbon (OC), elemental carbon (EC), sea-salt, min-
eral dust (such as aluminosilicate, SiO2, CaCO3/CaMgCO3,
etc.), (NH4)2SO4/NH4HSO4-containing, K-containing, Fe-
rich and ﬂy ash particles. Their relative number abundance
results showed that OC particles were signiﬁcantly increased
while sea-salts and mineral dust particles were signiﬁcantly
decreased (especially in PM1.0−2.5 fraction) when haze oc-
curred. For the other particle types (except Fe-rich particles
inPM2.5−10 fraction), therewerenosigniﬁcantdifferencesin
their relative abundances between haze and non-haze sam-
ples. On non-haze days, the nitrate-containing reacted sea-
salt and mineral dust particles in PM1.0−2.5 fraction signif-
icantly outnumbered the sulfate-containing ones, whereas it
was the reverse on haze days, implying that on haze days
there were special sources or formation mechanisms for ﬁne
aerosol particles (≤2.5µm in aerodynamic diameter). The
emission of air pollutants from motor vehicles and stagnant
meteorological conditions, such as low wind speed and high
relative humidity, might be responsible for the elevated level
of OC particles on haze days.
Correspondence to: C.-U. Ro
(curo@inha.ac.kr)
1 Introduction
Urban haze, an atmospheric phenomenon that leads to low
visibility, has increased in occurrence over the last several
years over the Seoul-Incheon metropolis and other cities in
Korea, because of continuous economic growth and the in-
creased consumption of fossil fuels (Lee et al., 2006; Chun
and Lim, 2004; Kim et al., 2008). The occurrence of haze
is closely related to meteorological conditions and air pol-
lution (Keywood et al., 2003). Speciﬁcally, the formation
of haze is favoured by stagnant weather conditions and high
emissions of air pollutants (Sun et al., 2006). For instance,
under a temperature inversion, airborne smog, organic com-
pounds, and particulate matter often fail to diffuse, persist-
ing in the air over the city and, thus, inducing haze (Viezee
and Oblanas, 1969). In general, urban haze is related to a
high level of airborne particles resulting from anthropogenic
emission (through industrial and other human activities) and
fromgas-to-particleconversion(Watson, 2002). Inturn, haze
alters the composition of airborne aerosols through aqueous
phase reactions (Sun et al., 2006), having signiﬁcant effects
on visibility, cloud formation, public health and even the
global climate (Davis et al., 2010; Yadav et al., 2003; Menon
et al., 2002; Lee and Sequeira, 2001).
In Korea, the low-visibility days are deﬁned when the hor-
izontal visibility is less than 6km due to mist, haze or fog
(Chung et al., 1999). The annual number of low-visibility
days has signiﬁcantly increased due to the frequent occur-
rence of fog, mist and haze (caused largely by increasing
emission of anthropogenic air pollutants such as ﬁne parti-
cles, NOx, SO2 and organic compounds), especially in ur-
ban areas (Kim et al., 2008). Several studies on the spa-
tial variation of visibility and climatic characteristics of haze
episodes in the Seoul-Incheon metropolis have been car-
ried out (Chun and Lim, 2004; Kang et al., 2004). It was
reported that haze phenomenon mainly occurred when the
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Fig. 1. A schematic map of the sampling site.
Korean peninsula was under the effect of the anticyclone and
lasted longer when the lower atmosphere became stable and
the wind speed was weak (Chun and Lim, 2004). During
urban haze episodes, water-soluble inorganic ions (such as
NO−
3 , SO2−
4 , and NH+
4 ) and carbonaceous species in PM2.5
are considered important contributors to visibility impair-
ment (Kang et al., 2004; Jacobson et al., 2001). It has been
reported that in ﬁne particle mass loading on haze days, am-
monium sulfate and organic carbon (OC) are dominant (Kim
et al., 2008; Brown et al., 2002); on the other hand, haze
decline shows consistency with the reduction of PM2.5 and
sulfur emissions (Schichtel et al., 2001).
Although attention has been paid to the haze phenomenon
for decades, the chemical characteristics and morphologies
of individual airborne particles on haze days in the Seoul-
Incheon metropolis have rarely been investigated. In fact,
such studies are needed because (1) the detailed informa-
tion on homogeneous/heterogeneous aerosol particles’ mi-
crophysical and chemical properties can deepen our under-
standing of the sources, reactivity, transport and removal of
airborne particles; (2) it can reﬂect the inﬂuence of continen-
tal outﬂow events on aerosol compositions, since Incheon,
located on the west coast of Korea, is one of the Korean cities
nearest to China, being frequently impacted by air masses
originating from Mongolia and China.
In the present work, a quantitative energy-dispersive elec-
tron probe X-ray microanalysis (ED-EPMA) method, called
low-Z particle EPMA, was used to characterise ambient
aerosol particles collected in Incheon on haze and non-haze
days. This single-particle analytical technique, which is
based on scanning electron microscopy (SEM) coupled with
an ultra-thin window energy-dispersive X-ray spectrometer
(EDX), can not only simultaneously detect the morphology
and constituent elements of a single particle, but also pro-
vide transformation information on many environmentally-
important particles of micrometer size, such as nitrates, sul-
fates, oxides or mixtures, including carbon matrices (Kim
and Ro, 2010; Choel et al., 2005; Geng et al., 2010).
The objective of the present study was to identify the am-
bient aerosol particle types and compare their relative abun-
dance distribution during a typical haze episode (occurring
on 15–18 October, 2008) with that on non-haze days by us-
ing low-Z particle EPMA, and to investigate possible con-
tributing factors to haze formation in Incheon, Korea.
2 Materials and methods
2.1 Sampling
Incheon, located on the coast of the Yellow Sea, is densely
populated, with 2.7 million people in an area of 958km2.
It is the third largest metropolis and one of the most im-
portant transport hubs in Korea. A part of Incheon borders
the capital city and the Seoul-Incheon subway systems are
linked, so Incheon is considered a part of the greater Seoul
metropolitanarea. Incheonhasmanydifferentlocalemission
sources, including seven industrial complexes, two seaports
with ten wharfs and one international airport. The sampling
site, regarded as being susceptible to various urban source
processes, was located on the roof of a ﬁve-story building
(about 20m above the ground) of Inha University, Incheon
(latitude 37.45◦ N, longitude 126.73◦ E, see Fig. 1). Aerosol
particles were collected on Al foils by using a three-stage
cascade impactor (Dekati PM-10 sampler, Dekati Ltd.). At
a ﬂow rate of 10Lmin−1, the aerodynamic cut-off diame-
ters for stages 1–3 were >10, 2.5–10 and 1.0–2.5µm, re-
spectively. Overall, 12 sets of samples were obtained in the
morning and evening on 13–18 October 2008. Particles col-
lected on stages 2 and 3 were analysed for each sample set,
since particles in the size range of 1.0–10µm in diameter
have more contributions to haze formation and health dam-
age than particles which are bigger than 10µm. Hence, par-
ticles on stage 1 were neglected in the study. The collection
duration for each stage sample was controlled so that par-
ticles were collected without overloading. Sampling dates,
temperature (T), RH, average wind speed and weather status
(haze or not) during the sampling are given in Table 1.
The 72-h backward air-mass trajectories at a recep-
tor height of 40ma.s.l. were produced using the HY-
brid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT4) model available at the NOAA Air Resources Labo-
ratory’s web server (http://www.arl.noaa.gov/ready/hysplit4.
html) (Fig. 2).
2.2 Data measurement and analysis
A swatch of Al foil containing the sample particles was cut
andobserved. ThemeasurementswerecarriedoutonaJEOL
JSM-6390 SEM equipped with an Oxford Link SATW ultra-
thin window EDX detector. The resolution of the detector
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Fig. 2. 72-h backward air-mass trajectories at sampling height (around 40ma.s.l.) from 13 to 18 October 2008 (KST).
Table 1. Sampling time and meteorological conditions during sampling.
No. sampling date Local time Temperature RH Wind speed Weather
(KST) (◦) (%) (ms−1) status
(1) a.m. 13 October 2008 10:15∼11:45 17.9 56 2.0 Non-haze
(2) p.m. 13 October 2008 19:00∼20:11 16.8 68 1.9 Non-haze
(3) a.m. 14 October 2008 10:05∼11:50 19.3 58 2.1 Non-haze
(4) p.m. 14 October 2008 19:03∼20:00 17.7 69 1.8 Non-haze
(5) a.m. 15 October 2008 10:10∼11:30 19.4 73 1.5 Non-haze
(6) p.m. 15 October 2008 18:55∼20:30 18.1 81 1.1 haze
(7) a.m. 16 October 2008 10:10∼11:00 19.8 67 0.8 haze
(8) p.m. 16 October 2008 19:12∼20:34 18.6 92 1.2 haze
(9) a.m. 17 October 2008 10:10∼11:30 18.9 79 2.0 haze
(10) p.m. 17 October 2008 19:30∼21:05 18.7 90 1.4 haze
(11) a.m. 18 October 2008 10:06∼10:50 20.1 68 0.7 haze
(12) p.m. 18 October 2008 19:40∼20:45 20.0 75 1.0 haze
was133eVforaMn–Kα X-ray. X-rayspectrawererecorded
under the control of INCA software (Oxford), with an accel-
erating voltage of 10kV and a beam current of 0.5nA. The
size, secondary electron image (SEI), chemical compositions
and the mixing state of 150 individual particles for each stage
sample (3600 particles overall for 24 stage samples) were in-
vestigated manually. The net characteristic X-ray intensities
of chemical elements were evaluated by a nonlinear least-
squares ﬁtting using the AXIL programme (Vekemans et al.,
1994). A Monte Carlo simulation with successive approxi-
mation was used for quantiﬁcation (Ro et al., 2003). The ele-
mental quantiﬁcation procedure provided results with an ac-
curacy of within 12% relative deviations between the calcu-
lated and nominal elemental concentrations for the standard
www.atmos-chem-phys.net/11/1327/2011/ Atmos. Chem. Phys., 11, 1327–1337, 20111330 H. Geng et al.: Characterisation of individual haze aerosol particles
Table 2. Classiﬁcation of aerosol particles based on SEI and X-ray data.
Particle types Characteristics of
morphology and
chemical compositions
Possible sources Corresponding particles
in Fig. 3
(1) genuine mineral dust Appearing irregular
and bright on their
SEIs and having deﬁnite
X-ray signals,
including alminosilicate,
SiO2, CaCO3, and
CaMg(CO3)2.
soil or construction site particles #8, #11, #22,
#37, #50, #58, #62,
and etc.
(2) reacted mineral dust They are often enclosed
by liquid droplet on
SEIs; N and S signals
can be detected in their
X-ray spectra. Reacted
CaCO3/CaMg(CO3)2
and aluminosilicate with
nitrate/sulfate are the
main species.
reaction of mineral
dust with airborne
NOx/HNO3 and
SO2/H2SO4
nitrate-containing parti-
cles #1, #9–13, #102–
104; sulfate-containing
particles #31, #35, #70,
#75, #78, #90, and #92
(3) genuine (or fresh)
sea-salt
Na and Cl signals are
predominant, often with
minor C, O, and Mg.
bubble bursting or sea
spray process from
ocean
particle #2
(4) reacted (or aged) sea-
salt (and mixtures)
Containing NO−
3 and/or
SO2−
4 in addition to Na,
Cl, and Mg (sometimes
mixed with mineral dust)
reaction of sea-salt with
airborneNOx/HNO3 and
SO2/H2SO4
nitrate-containing parti-
cles #6, #43, and #100;
sulfate-containing parti-
cles #67 and #98
(5) carbon-rich or
elemental carbon (EC)
The sum of [C] and [O]
is more than 90 at.%, and
[C] is 3 times larger than
[O].
(a) soot aggregates A fractal-like structure,
sometimes being
surrounded by organic
matter
combustion particles #16, #68, and
#82
(b) tar ball Separated bright
spherules on SEI
smoldering combustion particles #26, #39, and
#129
(c) char or coal dust Irregular-shaped bright
structure on SEI
natural origin or
combustion
particles #56
(6) organic carbon (OC) The sum of [C] and [O]
(sometimes [N]) is more
than 90 at.%, and [C] is
comparable to [O].
(a) water-insoluble or
solid organic particles
Containing high levels of
C and O or C, O, and S;
looking bright and angu-
lar on SEI
combustion processes,
biogenic, and primary
or secondary aerosol
products
particles #14, #38, #42,
#49, #59-61, #63-65,
#69, #71-74, #79, #80,
#83, #84, and #86
(b) CO/COS-rich
droplets
Liquid droplet particles
rich in C, O, and S
(occasionally only C and
O), probably containing
water-soluble secondary
organic aerosol
(WSOA); looking dark
and round on SEI
oxidation of volatile or-
ganic compounds, hu-
mic or humic-like sub-
stances, and incomplete
combustion of fossil fu-
els and biomass
particles #19, #21, #25,
#29, #30, #32, #33, #34,
#106, #111, #123, 125,
#128, #131, and #133
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Table 2. Continued.
Particle types Characteristics of
morphology and
chemical compositions
Possible sources Corresponding particles
in Fig. 3
(7)(NH4)2SO4/NH4HSO4
-containing particles
Liquid or solid particles
rich in C, N, O, and S;
sensitive to electron beam
reaction of ambient
H2SO4/SO2−
4 with NH3
particles #124, #130, and
#132
(8) Fly ash particles Tiny glass spheres that are
composedofmostlysilicon,
aluminum, iron, and/or cal-
cium oxides.
coal combustion in
power plants (high
-temperature
combustion)
particles #76, #85, and
#97
(9) K-containing
particles
Irregular-shaped particles
containing K2SO4, KCl, or
K2CO3
mostly from biomass
burning
particles #24, #36, #77,
#88, and #99
(10) Fe-rich particles Looking bright on their
SEIs, usually containing
more than 20 at.% of Fe,
sometimes with minor C,
Si, and Al
steel production, metal-
lurgical industries, min-
ing, and abrasion
of brake lining
particles #3 and #7
particles (Ro et al., 2000, 2001). The “expert system” pro-
gramme, which can rapidly and reliably perform chemical
speciation, was used to determine the formula concentrations
and particle group distributions (Ro et al., 2004).
The basic classiﬁcation rules are brieﬂy summarized here.
Firstly, a particle was regarded as being composed of just
one chemical species if this species constituted at least 90%
in atomic fraction. Secondly, chemical species were speci-
ﬁed for particles internally mixed with two or more chemical
species. Thirdly, elements with less than 1.0 at.% (atomic
percent concentration) were neglected, since elements at
trace levels cannot be reliably investigated using ED-EPMA.
The speciation of carbonaceous particles was carried out
based on particles’ morphologies and the C and O contents.
When the sum of C and O contents for a particle was larger
than 90% in atomic concentration, it was regarded as an or-
ganic or carbon-rich particle (Ro et al., 2005). Although the
presence of hydrogen fails to be detected in EPMA, elemen-
tal carbon (EC) and organic carbon (OC) can be identiﬁed
in a somewhat arbitrary way. For EC particles (also called
carbon-rich particles), atomic concentration of C is 3 times
largerthanthatofO.ThedifferenttypesofECparticles, such
as soot aggregate, tar ball and char or coal dust, can be easily
identiﬁed from their morphology on SEI. For OC particles,
atomic concentration of C is comparable to that of O, and N
signal is often detected.
3 Results and discussion
3.1 Particle types
In this work, analysed particles were classiﬁed based on their
X-ray spectral and SEI data. Particle types that were abun-
dantlyobservedinthesampleswerecarbonaceous(including
EC and OC), mineral dust, sea-salt, (NH4)2SO4/NH4HSO4-
containing, K-containing, ﬂy ash and Fe-rich particles. The
characteristics and possible sources of each particle type are
described in Table 2. The ﬁeld images for particles collected
before and during the haze episode are shown in Fig. 3. Al-
though the morpholgies of tar balls and chars are quite dif-
ferent from that of soot aggregates, the X-ray spectra of the
three types of EC particles are similar (Fig. 4) and the con-
centration ratio of C and O for EC particles is always larger
than that for OC particles (Figs. 4 and 5).
3.2 Relative abundances of various types of particles
Urban areas generally undergo high pollution loads, from
sources including heavy trafﬁc, emissions from industrial
plants and intensive energy consumption, which leads to
complicated compositions of atmospheric particles. Incheon,
one of the largest seaports and cities in Korea, has been fac-
ing air pollution problems with its steady increase of fossil
fuel consumption. The number of low visibility days has sig-
niﬁcantly increased due to the frequent occurrence of fog,
mist and haze, which is related to the elevated anthropogenic
air pollution and water vapour in the study area (Chung et al.,
1999). When haze occurred, not only was mass concentra-
tion of airborne PM10 (especially PM2.5) increased, but also
the components of aerosol particles were changed in com-
parison with the non-haze days (Jung et al., 2009; Noh et al.,
2004; Hong et al., 2008; Lee et al., 2006). The characteris-
tics of aerosol components can be inferred from the particle
types’ relative abundances, which were obtained by dividing
the number of a speciﬁc type of particle by the total number
of particles analysed for a sample (Fig. 6). And the compar-
ison of relative abundances of major particle types between
haze and non-haze samples can give the indication of what is
responsible for the haze formation.
As shown in Table 3, for PM2.5−10 fraction, the reacted
sea-salt and reacted mineral dust particles (with NOx and/or
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Table 3. Relative abundances of major particle types on haze vs. non-haze days.
Particle types Relative abundances Relative abundances
in PM2.5−10 fraction (%) in PM1.0−2.5 fraction (%)
non-haze days haze days non-haze days haze days
(1) genuine mineral dust 10.3±3.4 12.7±5.4 9.3±5.0 5.8±5.5
(2) reacted mineral dust 46.0±2.7 49.5±9.2 29.7±11.2a 10.6±8.6
(3) genuine sea-salt 1.1±1.6 0.5±0.9 0.8±1.1 0.6±1.1
(4) reacted sea-salt (and mixtures) 25.1±6.9 15.5±9.6 28.0±8.5b 6.9±3.7
(5) elemental carbon (EC) 2.8±2.1 3.2±2.1 5.9±4.4 5.1±3.1
(6) organic carbon (OC) 3.0±2.2a 9.8±4.9 13.1±7.0b 58.7±19.8
(7) (NH4)2SO4/NH4HSO4-containing 0.5±0.7 1.4±1.8 2.4±1.7 5.5±4.3
(8) ﬂy ash 3.8±2.8 2.5±1.7 4.3±2.6 1.2±1.5
(9) K-containing 2.0±1.5 1.9±3.1 4.2±4.3 3.8±2.3
(10) Fe-rich 5.4±1.5a 3.0±1.5 2.3±1.9 1.9±2.8
Note: (1) The non-haze samples were collected on 13 and 14 October 2008 and in the morning of 15 October 2008; the haze samples were collected in the afternoon of 15 October
2008 and on 16–18 October 2008.
(2) The student t-test was used to compare the difference of relative abundances for different particle types between haze and non-haze days. The difference was regarded as
signiﬁcant when aP ≤0.05; bP ≤0.01.
(3) The data are expressed as “mean±S.D.”.
SO2), which greatly outnumber the genuine (fresh) ones,
are most frequently encountered with average relative abun-
dances of 71.1% and 65.0% on non-haze and haze days, re-
spectively, indicating that anthropogenic NOx and/or SO2
made great impacts on chemical compositions of aerosol par-
ticles in urban atmosphere. In this size range, there is no sig-
niﬁcant difference in their relative abundances between haze
and non-haze samples (by student t-test, as shown in Table 3)
for genuine and reacted sea-salt, genuine and reacted mineral
dust, EC, ﬂy ash and K-containing particles. But for OC par-
ticles, their abundance on haze days, though not very large,
signiﬁcantly outweighs that on non-haze days (on average,
9.8% vs. 3.0% in relative abundance). And Fe-rich particles
are signiﬁcantly reduced on haze days (reduced from 5.4%
to 3.0%).
For PM1.0−2.5 fraction, the relative abundance of OC par-
ticles on haze days is signiﬁcantly increased (on average,
58.7% vs. 13.1%), while the abundance of reacted sea-salt
and reacted mineral dust particles is signiﬁcantly reduced,
compared to that on non-haze days (on average, 17.5% vs.
57.7%) (Table 3). Especially for the haze sample “16 PM”,
nearly all the particles are OC species (Fig. 6). There is no
signiﬁcant difference in their respective relative abundances
between haze and non-haze samples for genuine sea-salt,
genuine mineral dust, EC, ﬂy ash, Fe-rich, K-containing and
(NH4)2SO4/NH4HSO4-containing particles.
The above results indicate that haze occurrence is at-
tributable to the increase of ambient OC particles (especially
smaller than 2.5µm in diameter). Possible explanations for
the elevated level of OC particles during the haze episode and
their origins are suggested as follows:
1. It is hypothesized that air pollutants emitted from mo-
tor vehicles in Incheon, but not from biomass burn-
ing, were a signiﬁcant factor in haze formation. Al-
though chemical analysis has shown that the major
aerosol constituents in haze phenomena at Syowa Sta-
tion, Antarctica, were sea-salts (e.g., Na+, Cl−) (Hara,
et al., 2010), either genuine or reacted sea-salt parti-
cles were not abundantly observed in the Incheon haze
samples (although Incheon is located near the Yellow
sea). It is suggested that haze formation in Incheon
had a unique mechanism (not owing to the increase of
sea-salt aerosols). Since Incheon is one of the largest
cities in Korea, densely populated with about 700000
motor vehicles (still sharply increasing in number due
to rapid urbanization and motorization, Timilsina and
Shrestha, 2009), and motor vehicle exhaust accounted
for >80% of the air pollution in the area (Kim et al.,
2006), much of the organic aerosol burden in Incheon
can be attributed to automotive vehicle sources. For
example, a number of freight vehicles, i.e., heavy-duty
trucks (diesel vehicles), travel along the highway carry-
ing goods to the wharves at Incheon seaport; most of the
short-term transients for commuting are attributable to
local trafﬁc sources. The higher OC and EC levels are
often observed during the morning trafﬁc hours (Kim et
al., 2006).
Many studies have reported that the relatively high level
of water-soluble potassium (K+) is present in biomass
burning plumes and, therefore, potassium has been
widely used as a tracer of biomass burning in source-
apportionment studies (Wang et al., 2007; Andreae,
1983). However, in the present study, no signiﬁcant
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Fig. 3a. Typical SEM images of urban aerosol particles collected
in Incheon, Korea. (For convenience, aluminosilicate is denoted
as “AlSi-containing”. “(N)” notation represents particles contain-
ing nitrates; “(S)” notation represents particles containing sulfates;
“(N, S)” notation represents particles containing both nitrates and
sulfates. (C, N, O, S) notation represents the mixture of carbona-
ceous and (NH4)2SO4/NH4HSO4 particles.)
difference in the relative abundances of K-containing
particles between samples collected on haze and non-
haze days was observed (Table 3 and Fig. 6), imply-
ing that biomass burning was not a major contributor
to this haze episode although biomass burning events
could greatly degrade the local air quality and could
cause long-lasting regional haze phenomena under stag-
nant atmospheric conditions (Ryu et al., 2007).
2. It is likely that secondary OC particles account for the
majority of the organic compounds, resulting in haze
occurrence. It is known that meteorological factors such
as weak winds, high RH and temperature and “fumiga-
tion” along the coast play important roles in the forma-
tion of secondary aerosol particles and haze (Soleiman
(b)
 
 
 
          (b) Sample 6, collected at “18:55-20:30, 15 Oct. 2008” 
(upper: PM10-2.5 fraction; down: PM1.0-2.5 fraction) 
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Fig. 3b. Continued.
et al., 2003). Under stagnant meteorological conditions
of slow wind speed and high RH, ultraﬁne particles con-
verted from gaseous species could remain for a longer
time and hygroscopic particles could grow to become
larger ones, which favours haze formation (Carrico et
al., 2010). As wind speeds were slower and RHs were
higher (RH=67%–92%) on haze days than on non-haze
days (Table 1), formation of secondary OC particles
(probably produced by photochemical smog or photo-
chemical reactions) is favoured. Kang et al. (2004) and
Noh et al. (2009) reported that the ﬁne aerosols respon-
sible for haze formation are mostly secondary OC parti-
cles based on the investigation of chemical character-
istics of acidic gas pollutants and PM2.5 during hazy
episodes in Seoul, Korea.
3. The different compositional characteristics of reacted
sea-salt and reacted mineral dust particles between haze
and non-haze samples indicate that the mechanism for
secondary aerosol formation on haze days might be
different from that on non-haze days. On non-haze
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    (c) Sample 8, collected at “19:12-20:34, 16 Oct. 2008” 
(upper: PM10-2.5 fraction; down: PM1.0-2.5 fraction) 
 
Fig. 3. Typical SEM images of urban aerosol particles collected in Incheon, Korea   
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represents particles containing nitrates; “(S)” notation represents particles containing 
sulfates; “(N, S)” notation represents particles containing both nitrates and sulfates. (C, N, 
O, S) notation represents the mixture of carbonaceous and (NH4)2SO4/NH4HSO4 
particles. ) 
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Fig. 3c. Continued.
days, nitrate-containing species both in reacted sea-salt
and reacted mineral dust particles signiﬁcantly outnum-
ber sulfate- and both (nitrate and sulfate)-containing
species, both for PM2.5−10 or PM1.0−2.5 fractions (see
Fig. 7), indicating that NOx in the atmosphere has more
inﬂuence on compositions of aerosol particles, proba-
bly due to its higher local mass concentration than that
of local SO2 (Fig. 8). Air mass histories show that
the air masses for the non-haze samples (collected on
13–15 October) originated from northeastern China and
Yellow Sea, with a higher wind speed (Fig. 2a and b).
Whentheypassedovertheregions, theymightalsohave
carried sea-salt and mineral dust reacted with anthro-
pogenic NOx/HNO3 (Geng et al., 2009a,b). However,
on haze days, although nitrate-containing species are
still predominant for the reacted sea-salt and reacted
mineral dust particles in PM2.5−10 fraction, sulfate-
containing particles are the most abundant in PM1.0−2.5
fraction, greatly outnumbering the nitrate- and both-
containing ones, which implies that the sources or for-
 
    
   
Fig. 4. X-ray spectra and atomic concentrations of carbon-rich particles   
(Al X-ray peaks are from collecting substrates) 
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Fig. 4. X-ray spectra and atomic concentrations of carbon-rich par-
ticles (Al X-ray peaks are from collecting substrates).
 
    
 
Fig. 5. X-ray spectra and atomic concentrations of organic carbon (OC) particles 
(Al X-ray peaks are from collecting substrates) 
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Fig. 5. X-ray spectra and atomic concentrations of organic carbon
(OC) particles (Al X-ray peaks are from collecting substrates).
mation mechanisms for the reacted ﬁne aerosol particles
(less than 2.5µm in diameter) are different from those
for particles in PM2.5−10 fraction. For the haze samples
collected on 16–18 October 2008, the air masses origi-
nated from the sea near the west coast of Korea and lin-
gered over the area near Incheon with low wind speed
(Fig. 2c and d). So, the aerosol particles were likely
Atmos. Chem. Phys., 11, 1327–1337, 2011 www.atmos-chem-phys.net/11/1327/2011/H. Geng et al.: Characterisation of individual haze aerosol particles 1335
Fig. 6. Relative abundances of different particle types for the 12 sets
of samples.
inﬂuenced by local air pollutants. On haze days, local
SO2 concentrations were higher than those on non-haze
days (Fig. 8), so that the ﬁne sea-salt and mineral dust
particles had more opportunity to react with SO2.
Furtherresearchesshouldbedonetounderstandmoreclearly
why OC particles were signiﬁcantly enhanced on haze days
in Incheon. Another probable cause could be due to barbecue
parties popularly held during autumn events in Korea, where
a signiﬁcant amount of OC aerosols can also be emitted (Ryu
et al., 2004).
4 Conclusions
On 15–18 October 2008, a typical haze event occurred
in Incheon, where wind speed was low, relative humid-
ity was high and mass concentration of inhalable particu-
late matter (PM10) was increased, leading to low visibil-
ity. The haze and non-haze aerosol samples were anal-
ysed by using low-Z particle EPMA, a quantitative ED-
EPMA technique. The results showed that (a) carbona-
ceous (including EC and OC), sea-salt, mineral dust, K-
containing, Fe-rich, (NH4)2SO4/NH4HSO4-containing, and
ﬂy ash particles were the major particle types; (b) the
relative number abundances of OC particles for the haze
samples were signiﬁcantly increased by 2.7-fold on aver-
age in PM2.5−10 fraction and 3.5-fold in PM1.0−2.5 frac-
tion when compared with those for the non-haze samples;
(c) there were no signiﬁcant differences in abundance be-
tween haze and non-haze samples for EC, genuine sea-
salt and mineral dust, K-containing, (NH4)2SO4/NH4HSO4-
containing, and ﬂy ash particles; (d) on non-haze days,
the nitrate-containing sea-salt and mineral dust particles
(a)aaaa
(a)
(b)
Fig. 7. Relative abundances of (a) reacted mineral dust and (b) re-
acted sea-salt particles, containing nitrates, sulfates and both.
 
 
 
Fig. 8. Mass concentrations (μg/m
3) of air pollutants (PM10, SO2, and NO2) on haze and 
non-haze days 
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Fig. 8. Mass concentrations (µg/m3) of air pollutants (PM10, SO2
and NO2) on haze and non-haze days.
www.atmos-chem-phys.net/11/1327/2011/ Atmos. Chem. Phys., 11, 1327–1337, 20111336 H. Geng et al.: Characterisation of individual haze aerosol particles
in PM1.0−2.5 fraction signiﬁcantly outnumbered the sulfate-
containing ones, whereas it was the reverse on haze days. Air
pollutants from motor vehicles and stagnant meteorological
conditions are likely responsible for the elevated level of OC
particles on haze days.
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